1. In twenty-two neurologically normal patients undergoing surgery for scoliosis, corticospinal volleys to transcranial electrical stimulation of the motor cortex were recorded from the spinal cord using epidural electrodes. While anaesthesia was maintained by nitrous oxide and narcotics, volatile anaesthetics were withdrawn to determine whether such agents had a depressant effect on the evoked corticospinal volley.
INTRODUCTION
The technique of transcranial stimulation of the human motor cortex has allowed investigators to probe corticospinal function in normal subjects and patients with motor disturbances (for review, see Rothwell, Thompson, Day, Boyd & Marsden, R. HICKS AND OTHERS 1991) . In clinical practice, magnetic stimulation has largely replaced electrical, but the latter remains of value for spinal cord monitoring (e.g. Boyd, Rothwell, Cowan, Webb, Morley, Asselman & Marsden, 1986; Hicks, Burke & Stephen, 1991) and in physiological studies (e.g. Datta, Harrison & Stephens, 1989; Day, Riescher, Struppler, .
It is widely believed that a difference in the mechanism of activation of corticospinal neurones accounts for the difference in latencies of the evoked compound muscle action potentials produced by electrical and magnetic stimulation . Though the precise site of initiation of the corticospinal volley remains controversial (Amassian, Quirk & Stewart, 1990; Burke, Hicks & Stephen, 1990; Edgley, Eyre, Lemon & Miller, 1990) , it is generally believed that electrical stimulation activates the corticospinal system directly by depolarizing the axon or axon hillock and that magnetic stimulation activates the corticospinal system indirectly by stimulating the axons of cortico-cortical interneurones synapsing on the corticospinal neurone. As such, the response to electrical stimulation is considered relatively impervious to changes in motor cortex excitability while the response to magnetic stimulation is thought to be sensitive to such changes. This difference has been used as evidence that afferent volleys alter motor cortex excitability, so providing support for the involvement of a transcortical reflex in the reflex responses evoked by cutaneous afferent inputs (Datta et al. 1990 ) and by muscle stretch .
The belief that the D wave produced by electrical stimulation does not change when the excitability of motor cortex changes is supported by observations on the effects of withdrawing inhalational anaesthetics (Loughnan, Anderson, Hetreed, Weston, Boyd & Hall, 1989) , observations not consistent with our own unpublished experience. The present study was therefore undertaken to test the assumption that the corticospinal volley evoked by transcranial electrical stimulation is resistant to changes in motor cortex excitability. Evidence is presented that anaesthesia can have a profound effect on the corticospinal volley evoked by a constant stimulus intensity, both when the volley is liminal and when it is well above threshold. It is concluded that differences in the behaviour of the responses to electrical and magnetic transcranial stimulation must be interpreted with care.
METHODS
Data were obtained from twenty-two neurologically intact patients undergoing corrective surgery for scoliosis, with their informed consent (or that of a responsible parent) and the approval of the appropriate institutional ethics committee.
The motor cortex was stimulated electrically at intervals of > 3 s using a capacitively coupled discharge from a stimulator with high output impedance (Digitimer D180A, Welwyn Garden City, Herts), much as described in previous papers (Burke et al. 1990; Hicks et al. 1991) . In studies on I waves (n = 11), silver-silver chloride cup electrodes were used, as described previously. However, the stimulating electrodes for studies on the D wave (n = 11) were spiral needle electrodes inserted subcutaneously into the scalp. The anode was located at the vertex and the cathode 7 cm laterally (approximately the motor area for the upper limb, see Rothwell, Thompson, Day, Dick, Kachi, Cowan & Marsden, 1987) . The evoked corticofugal volley was recorded using two sets of bipolar electrodes inserted into the epidural space, one at the high-thoracic level and one at the lowthoracic level. The data presented are from the high-thoracic recording; similar changes were seen at the low-thoracic site, though with poorer signal-to-noise ratio (see Fig. 2 ).
MOTOR CORTEX EXCITABILITY
As part of the monitoring procedure (Hicks et al. 1991) , the posterior tibial nerves were stimulated simultaneously with the motor cortex, so that the epidural recordings contained both the descending corticospinal volley and the ascending somatosensory volley (Fig. 1) The epidural recordings were amplified, filtered (500 Hz-10 kHz) and averaged (sampling rate 25 kHz, duplicate averages, n = 10-25) using a commercial EMG/evoked potential machine (Medelec MS92B, Old Woking, Surrey). Measurements were made off-line using calipers.
The patients were anaesthetized throughout the procedure by nitrous oxide and oxygen (70:30) and fentanyl, and were paralysed using pancuronium. Isoflurane (or enflurane) was also administered but was intermittently withdrawn, from the usual end-tidal concentration of 1-2 %, allowing > 10 min to elapse before a steady state was assumed. During withdrawal of the volatile anaesthetic, adequate anaesthesia was maintained by nitrous oxide and fentanyl. Blood pressure was monitored using an intra-arterial catheter. Core temperature (oesophagus and tympanic membrane) was maintained at 33-35 'C.
RESULTS

Waveform nomenclature
As described previously (Burke et al. 1990 ), the corticospinal volley increased in complexity as stimulus intensity was increased (Fig. 1) . The component of lowest threshold appeared at the high-thoracic electrode with a latency of 3-4 ms (indicated by the dotted vertical line in Fig. 1 ) and is assumed to result from depolarization 395 occurring at or near the initial segment and therefore to represent the 'D wave' (Patton & Amassian, 1954; Phillips & Porter, 1977; see Rothwell et al. 1991) . With increasing stimulus intensity, deflections appeared after the D wave (at 225 V in Fig I5 and I. In this example, I4 is visible only as a deflection on the rising phase of I when the stimulus level was 375 V. With increasing stimulus intensity the D wave became bifid as a high-threshold short-latency peak ('D2') emerged, indicating that some corticospinal axons were now being stimulated deep to the site for the lowestthreshold component ('D1 '). It is of interest that this often occurred before D1 had reached a maximum. Further increases in stimulus intensity commonly resulted in the appearance of a third peak ('D3') at an even briefer latency (though not in the data of Fig. 1 ), representing a further shift of the level of stimulation to an even deeper site (see Burke et al. 1990 ).
MOTOR CORTEX EXCITABILITY Changes in D waves
In eight subjects (five female, three male, aged 11-44), stimulus intensity was adjusted to produce a liminal D wave when the inhaled isoflurane (six subjects) or enflurane (two subjects) was stable at > 0-5 %. In all subjects there was a progressive panels). Nevertheless, given that it would be impossible for the same axon to contribute to more than one component of the D wave, the total direct corticospinal volley was estimated by adding the amplitudes of the individual components for each subject. Complete withdrawal of volatile anaesthetics resulted in significant enhancement of the D-wave volley (means + S.E.M. = 29-9 + 6-48,V at > 0-5 %; 37-6+ 8-26 ,tV at 0 %; P = 0-0157, two-tailed paired t test). In Fig. 3 (right) , the bifid D wave had an initial D2 component of amplitude 30 ,tV when stimulus intensity was 675 V and isoflurane concentration was 1 0 %. A weaker stimulus (600 V) produced a larger initial component (of 35 ,uV when the isoflurane concentration was 0 3 %. At 0 % this D-wave component (36 1V) was preceded by a further small peak (D3) indicating a second subcortical shift and the beginnings of a trifid D wave (vertical arrow). In Fig. 5 , reduction in enflurane anaesthesia from 2 to 0-3 % (right panel) had a comparable effect on the D wave to increasing stimulus intensity from 300 to 375 V (left panel). However, further reduction to 0 % resulted in complete replacement of the initial D wave (latency to peak 3-6 ms) by an earlier component (latency to peak 2-9 ms).
Withdrawal of isoflurane or enflurane had a slightly greater effect on liminal D waves than in supraliminal D waves, when the change was expressed in absolute units. The mean D-wave volleys were (liminal) 2-4 ,#V at > 0 5 % and 11-8 #aV at 0 %, change 9-4 j#V, and (supraliminal) 29-9 j#V at > 0 5 % and 37-6 1tV at 0 %, change 398 7-7 jtV. However when expressed as a percentage of the original value, the change in the D-wave volley was proportionately much greater for the liminal D wave (increase by 392 %) than the supraliminal D wave (increased by 26%).
Changes in I waves
The effects of isoflurane on I-wave generation were quantified in eleven patients (nine female, two male, age 10-17). I waves were larger and usually more frequent the lower the concentration of inhaled isoflurane, particularly when the level was below 0-5 % (Figs 2, 3 right, 5 right and 6), and this was the case at all stimulus intensities when a number of different intensities could be tested. To quantify these changes for different I waves in the eleven subjects, the I waves were numbered consecutively based on their latency after the D wave: I1 mean latency 1-4 ms (range 1 1-1t65 ms); I2 mean latency 2-2 ms (range 1-8-2-9 ms); 13 mean latency 3-5 ms (range 3 0-40 Mis); 14 mean latency 5-1 ms (range 48-5-4 ms); I. mean latency 6-7 ms (range 6-2-7-6 ms); I6 7-8 ms; I7 8-9 ms.
Figure 6 summarizes these data for the strongest stimulus intensity used for each subject, using open circles for recordings made when the inhaled isoflurane level was > 0 5 % and filled circles when it was 0 %. The Thompson, 1989) , I-wave amplitude was multiplied by I-wave incidence to give Fig. 6C . These data indicate that, in the absence of isoflurane, I3 is by far the 'strongest' I wave, followed by '2 and 14.
Comparison of effects on D and I waves To obviate the possibility that the changes in the D wave were artifactual, the effect of isoflurane on I waves was assessed for a constant D-wave amplitude. This was done using recordings in which there was little depression of a relatively large D wave or, when there was an anaesthetic-associated change in D-wave amplitude, by matching the D-wave amplitudes produced by different stimulus intensities. There were still prominent changes in the amplitude and frequency of I waves. Hence, quantitatively the depressant effect on I-wave generation appears greater than on Dwave generation. However, the effects on I waves were not equivalent to a change in stimulus intensity (as seems to be the case with the D wave). When stimuli were liminal for the D wave, withdrawal of the inhalational anaesthetic often allowed I waves to appear (Fig. 2, left) . However, if the stimulus was supraliminal for the D wave and produced a series of I waves, the effect of anaesthetic withdrawal was not uniform across I waves. Thus I waves occurring at latencies of 3 ms or more after the MOTOR CORTEX EXCITABILITY lowest-threshold component of the D wave became more prominent while earlier I waves were less well defined (Fig. 3) or smaller (Figs 5 and 6 ) following anaesthetic withdrawal.
The depressant effect of volatile anaesthetics on the D wave can be likened to an effective reduction in stimulus intensity, whether the D wave be liminal or a bifid-trifid complex. However, this analogy cannot be drawn with I waves. Increasing stimulus intensity always produced larger and more frequent I waves (Figs 1, 2 and 5 ), but this was not the invariant effect of anaesthetic withdrawal on all I waves. For both D and I waves, the critical end-tidal concentration of isoflurane or enflurane appeared to be 0.5 %.
DISCUSSION
Using anaesthesia, the present study demonstrates that profound changes may be produced in D and I waves by experimentally manipulating corticospinal excitability. For the D wave these changes were seen regardless of D-wave amplitude and morphology, and can be modelled effectively by changing stimulus intensity. However, the effects of inhalational anaesthetics on I waves cannot be modelled so simply.
A number of other mechanisms must be excluded before the changes in the corticospinal volleys are attributed to a change in neuronal excitability. A change in scalp impedance associated with anaesthetic withdrawal is unlikely to be a factor because the present study used spiral subdermal needle electrodes for all of the Dwave studies. Blood pressure and core temperature remained constant throughout the studies, though this does not exclude the possibility of variations in regional cerebral blood flow. The changes in amplitude of D waves exceeded that which we have seen occurring apparently 'spontaneously' (10%). In addition, in all instances the change in amplitude was unidirectional -an increase in amplitude with a decrease in anaesthetic concentration. Finally, the differential effect of anaesthetic withdrawal on early and late I waves indicates that the changes seen cannot be equated with an effectively stronger stimulus.
Mechanisms of the changes in the D wave
If the liminal D wave is generated by depolarization at or near the initial segment of the corticospinal neurone it is not surprising that changes in motor cortex excitability would affect D-wave generation. Indeed, the withdrawal of excitatory influences on the corticospinal neurone should depress the neurone's excitability and thereby its ease of activation. However, a different mechanism must be invoked to explain how anaesthesia can depress the high-threshold short-latency components of complex bifid or trifid D waves. These early components have been attributed to direct activation of some corticospinal axons, as much as 5-11 cm deep to cortex (Burke et al. 1990 ). In the monkey, corticospinal axons can be effectively stimulated at the medullary pyramids by transcranial electrical stimulation of the motor cortex, as is used in man (Edgley et al. 1990) . Presumably the anaesthetic agent can alter the threshold for electrical excitation of corticospinal axons by an effect on ion channels at the node of Ranvier. Hence the quantitatively greater changes seen in the liminal D wave probably reflect the excitability of corticospinal neurones while the proportionately smaller changes in supraliminal D-wave complexes probably reflect the excitability of their axons.
Anaesthetic effects on I waves
There were prominent changes in the amplitude and pattern of I waves following withdrawal of inhalational anaesthesia. However, it cannot be assumed that the pattern of I waves recorded after cessation of isoflurane necessarily reflects that of the fully conscious alert subject because anaesthesia was maintained by the other pharmacological agents. Nevertheless, the present results are similar to those of Kernell & Wu (1967) for anodal stimulation of motor cortex of the anaesthetized baboon. The change in pattern of I waves following withdrawal of isoflurane does resolve a paradox in our previous study. From PSTHs of the discharge of voluntarily activated motor units in response to anodal cortical stimulation, Day et al. (1989) suggested that I3, occurring some 4 ms after the D wave, was probably the largest single I wave, a view that could not be supported by direct recordings of the recruitment sequence of I waves in isoflurane-anaesthetized subjects (Burke et al. 1990 ). The present study demonstrates that 13 (occurring 3-4 ms after the D wave) is indeed the most potent I wave when isoflurane is withdrawn. It is of interest that the mean amplitude of 12 was larger under isoflurane anaesthesia than after its withdrawal. Assuming that the action of isoflurane is depressant, this finding suggests that the electrical stimulus activates cortical interneurones with an inhibitory effect on the generator mechanisms for '2, and that isoflurane anaesthesia results in disinhibition of I2' Alternatively the greater size of 12 could be related to a smaller population of refractory neurones because less had discharged in the D wave. However, against this possibility is the fact that 12 does not decrease in amplitude when a higher stimulus intensity produces a larger D wave.
The corticofugal volley recorded in the present study was a compound volley, and it cannot be guaranteed that only those axons responding in the D wave contributed to the I waves. From the recordings of Kernell & Wu (1967) , it is likely that at least some of the axons firing in the D wave discharged again in I waves (see also Edgley, Eyre, Lemon & Miller, 1992) . Studies of the refractory period of the human corticospinal system to pairs of electrical stimuli indicate that the corticofugal volley is attenuated at interstimulus intervals of less than 3-5 ms (Inghilleri, Berardelli, Cruccu, Priori & Manfredi, 1989) . This finding could explain why 13 is effectively the largest single I wave. If I waves are generated by the synaptic activity of cortical interneurones (Phillips & Porter, 1977; Amassian et al. 1987) , there is no reason other than localization to the region of greatest current density why I waves should sample only those axons that have contributed to the D wave. Indeed, because of refractoriness, I1 and '2 could involve some axons not activated in the D wave when stimulus intensity is submaximal. Accordingly Edgley et al. (1992) have reported that, in the anaesthetized monkey, transcranial electrical stimulation can generate discharges at latencies appropriate for I waves in corticospinal axons that do not contribute to the D wave.
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Implications for physiological studies in man
The present data establish that the corticospinal volley produced by transcranial electrical stimulation is not immune to changes in excitability of corticospinal neurones, and that this is so whether the volley is liminal (comprising only a D wave) or supraliminal (compromising both D and I waves) . This implies that caution should be retained before assuming that a change in the response to transcranial magnetic stimulation but not to transcranial electrical stimulation necessarily implies a cortical locus of action. It is likely that the corticospinal volley evoked by magnetic stimulation is more sensitive to anaesthesia than the volley to electrical stimulation. However, if so, the difference in sensitivity is not absolute and may be critically dependent on experimental protocol.
It is generally assumed that transcranial stimulation of the human motor cortex is not a particularly effective means of exciting corticospinal neurones ). The present recordings obtained after withdrawal of volatile anaesthetics belie that assumption. Perhaps the limited efficacy of transcranial stimulation is related more to the complex actions that a readily evoked volley has at spinal level, and in particular the intervention of at least one synapse before the descending volley can be translated into motoneurone discharge.
